Abstract BACKGROUND: Sand blasted titanium (Ti) is commonly used in designing endosseous dental implants due to its biocompatibility and ability to form bonds with bone tissues. However, titanium implants do not induce strong interactions with teeth bones. To increase strong interactions between Ti disk implants and teeth bones, the L-glutamic acid grafted hydroxyapatite nanorods (nHA) were immobilized on albumin modified Ti disk implants (Ti-Alb). METHODS: For modification of Ti disk implants by nHA, the L-glutamic acid grafted nHA was synthesized and then immobilized on albumin modified Ti disk implants. Fourier transformed infrared spectroscopy, X-ray photoelectron spectroscopy, scanning electron microscope; energy dispersive spectroscopy and confocal laser scanning microscopy were used to confirm the modification of Ti disk implants. The bioactivity of nHA-modified Ti disk implants was evaluated by seeding MC3T3-E1 cells on Ti-nHA implants. RESULTS: Characterization techniques have confirmed the successful modification of Ti disk implants by L-glutamic acid grafted nHA. The nHA-modified Ti disk implants have shown enhanced adhesion, proliferation and cytotoxicity of MC3T3-E1 cells in comparison to pristine Ti implants. CONCLUSIONS: The modification of Ti implants by L-glutamic acid grafted nHA has produced highly osteogenic Ti disk plants in comparison to pristine Ti disk implants due to the formation of bioactive surfaces by hydroxyapatite nano rods on Ti disk implants. Ti-nHA disk implants showed enhanced adhesion, proliferation, and MC3T3-E1 cells viability in comparison to pristine Ti disk implants. Thus nHA might be to be useful to enhance the osseointegration of Ti implants with teeth bones.
Introduction
Titanium and its alloys are normally used as endosseous implants due to their excellent mechanical and biocompatibility. Titanium when exposed to air, it immediately within a few seconds forms an oxide layer that provides resistance to chemical attack, and also helps in its integration with bone tissue as well. In physiological conditions, the titanium oxide is hydrated and exhibits anionic properties like hydroxyapatite which help in deposition of polyvalent cations such as, calcium ions as a first step in healing process after implantation. Thus titanium dioxide to a large extent shares many properties with hydroxyapatite and covered with negatively charged oxide groups to perform the ions activity as lattice bound phosphate ions in hydroxyapatite. Despite of sufficient stability and biocompatibility of titanium, the screw-shaped endosseous implants of commercially pure titanium with machined surfaces [1] are found to be disadvantageous due to showing long time for osseointegration in comparison to surface-modified titanium implants, which shown longterm clinical successes.
The surface-modified titanium implants have shown improved biocompatibility and accelerated osseointegration and shorter edentulous period for the patient [2] . The topological surface roughening through sand blasting, acid etching [3] , and anodic oxidation processes [4, 5] in implants is found to be effective in getting rapid and stronger osseointegration [1] in comparison to implant modified either with fluoride treatment or by the application of calcium fluoride [6] . The anodic oxidation of titanium not only increased the surface roughness but also produced biologically active thick layer of titanium oxide that found to be responsible for observed enhanced osseointegration by titanium implants [7, 8] comparable to titanium implants coated with hydroxyapatite [9] . In addition to variation in mechanical and chemical structures during anodic oxidation, the topological variation in anodic oxidized titanium surface is found to be more responsive for the observed osteogenic properties in titanium implants than the topological variation caused by sand blasting and/ or chemical etching methods [3, 10] . Usually, the surface roughness of about 1.5 lm in implants is found sufficient to induce osseointegration [11] and normally achieved either by sand blasting or chemical etching methods. However, recent studies have suggested that physically roughening together with chemical modification proved to be more promising to make surfaces of implants more biocompatible and osteogenic in comparison to implants, which are able to show biological response either due to physically surface roughening or chemical functionality at their surfaces. The addition of hydrophilicity to physically modified surfaces through coating of peptides [12] [13] [14] is proved to be more synergistic in showing higher biocompatibility and osseointegration. These studies have indicated that surface modification of implants might be more interesting and efficient in controlling their biological responses as surface modification includes both topological and chemical aspects to achieve superior and early responses at the interface of implants and teeth bone [15, 16] . Though coating of various forms of calcium phosphate on roughened surface has shown significant improvement in bone osseointegration of the implants [17] [18] [19] but such a physical coating layers suffered by the limitations of cohesive delamination as well as due to adhesive failures between coated calcium phosphate and physically roughened surfaces of titanium dental implants [20, 21] . An efficient osseointegration at bone-implant interface is only possible, if implants are able to form a firm and durable connections with teeth bone. To achieve a complete integration between implant and teeth bone, the coating of bone inspired hydroxyapatite on sand blasted titanium disk implant was carried out through chemical bonding to reduce the limitations of delamination of physically coated hydroxyapatite on bone implant surfaces [22] .
Our studies have suggested that the chemical modification of sand blasted implant surfaces with hydroxyapatite is likely to enhance calcium deposition more efficiently at the surfaces of titanium implant in comparison to oxidized titanium implants due to a significant difference in number of anionic active sites (-O -) between titanium dioxide and hydroxyapatite. Thus chemical modification of sand blasted titanium disk implants using hydroxyapatite nanorods (nHA) was planned to control the biologically active nanostructured rough surfaces of sand blasted titanium implants to achieve better biological responses for faster osseointegration. The application of nHA in surface modification of sand blasted titanium implants has not only provided nano-structured surface roughness but also created sufficient anionic active sites for enhanced deposition of calcium and better bonding with teeth bones.
Materials and methods

Chemicals
Sand blasted titanium disk implants with 10 mm in diameter and 3.0 mm in thickness were received from Biotem Implant Co. at South Korea. These disk implants were cleaned in ultra-sonic bath using water-alcohol (1:1) mixture for 10 min and then with pure acetone for 10 min before surface modification. 3 [23] . The X-ray photoelectron spectra of titanium and hydroxyapatite modified titanium disk implants were recorded using Mg Ka radiation (ESCA, ESCA LAB VIG Microtech, East Grinstead, UK). The scanning electron microscope (SEM) in secondary electron mode under fixed voltage acceleration to produce surface topography has been used to show surface roughness and morphology of adhered cells. Scanning electron microscope (FE-SEM, 400 Hitachi, Tokyo, Japan) in combination with energy dispersive analyzer with a resolution of 133 eV was used to record energy dispersive spectrometer (EDS) to determine weight and atomic percent of elements present at modified surface of titanium disk implants. The specimens were sputter coated by gold-palladium and examined at 85 and 500 times magnification at 10.4 kV. The Fourier transformed infrared spectra (FT-IR) of hydroxyapatite nanorod (nHA)-s and L-glutamic acid-grafted hydroxyapatite nanorods (nHA-GA) were recorded on KBr pallets (FT-IR, Galaxy 7020A; Mattson, Fremont, CA, USA). The mouse pre-osteoblast cells (MC3T3-E1) were purchased from Korea cells bank (Seoul, South Korea) and stored in liquid nitrogen before carrying out cells seeding experiments. The MC3T3-E1 cells were cultured in a-minimum essential medium (a-MEM) (Gibco BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco), 1.0% penicillin G-streptomycin at 37°C under 5% CO 2 -atmosphere. The culture medium was changed every other day. The kinetic microplate reader (EL 9 800, Bio-Tek Instruments, Inc., Highland Park, VT, USA) has been used to evaluate the proliferation of cultured cells on the surfaces of sand blasted titanium (Ti) disk implants and Ti disk implants modified with L-glutamic acid-grafted hydroxyapatite nanorods (Ti-nHA). The seeding of MC3T3-E1 cells on Ti and Ti-nHA disks implants were confirmed by recording their FE-SEM micrographs (FE-SEM, 400 Hitachi, Tokyo, Japan). The confocal laser scanning microscopy (CLSM, Zeiss LSM410 Zeiss, Oberkochen, Germany) has been used to measure the fluorescence of calcein-AM and propidium iodide in assaying of MC3T3-E1 cells viability at the surfaces of titanium disk implants.
Surface modification of Ti disk implants
The surface modification of Ti disk implants has been carried out by following steps.
Amino functionalization of Ti disk implants
The water-alcohol and acetone-cleaned Ti disk implants were used for amino functionalization using APTES as coupling agent. To carry out amino-functionalization, the Ti disk implants were kept in 1 wt% solution of APTES in 95% ethyl alcohol for 4 h at pH 11.2 at room temperature. Finally, the Ti disk implants were rinsed 3 times with ethanol and deionized water before drying under vacuum. To confirm the anchoring of APTES on the surface of Ti disk implant, the Ti disk implants and APTES coupled Ti implants were treated in dark at 5°C with freshly prepared FITC solution (1 mg/mL) in anhydrous DMSO. After 8 h, the Ti disk implants were washed with deionized water and dried in vacuum. Subsequently, the FITC-treated Ti disk implant (Ti-FITC), and FITC-treated amine-functionalized Ti disk implant (Ti-APTES-FITC) were used to record their fluorescence images by using confocal laser scanning microscope to confirm the anchoring of APTES on Ti disk implants by comparing the intensity of green florescence of conjugated FITC (k Ex = 495 nm, k Em = 519 nm) at a brightness of 100 Cd/mm 2 . To confirm the anchoring of APTES on Ti disk implants, the EDS of pristine Ti implants and APTES-treated Ti disk implants (Ti-APTES) were recorded using FE-SEM equipped with energy dispersive analyzer. The SEM images of pristine Ti disk implants were also recorded to compare the morphological changes that had taken place after modification of surfaces of Ti disk implants by nHA.
Albumin coating on amino-functionalized Ti disk implants
To prepare albumin-coated amino-functionalized Ti disk implants, 0.5 g of Ti-APTES was added to a 100 mL solution containing albumin (50 mg) and 100 mg each of EDC and NHS as activators. The mixture was allowed to stir at 5°C. After 6 h, the albumin-anchored Ti disk implants (Ti-Alb) were dialyzed using cellulose acetate membrane (MWCO, 8 kDA) and freeze dried after washing with deionized water. To confirm the anchoring of albumin on Ti disk implants, Ti-Alb were allowed to react with solution of FITC (1 mg/mL) in dark at 5°C. After 8 h, the FITC-conjugated Ti-Alb (Ti-Alb-FITC) were washed with deionized water and their confocal laser scanning micrographs were recorded to confirm the anchoring of albumin by analyzing the green fluorescence intensity (k Ex = 495 nm, k Em = 519 nm) at a brightness of 100 Cd/mm 2 . Finally, Ti-Alb disk implants were used to couple with nHA-GA.
Synthesis of nHA
The nHA of controlled size and morphology [24] were prepared by using method of chemical precipitation as reported in our previous communication [23] . Briefly, 400 mL solution of (NH 4 )H 2 PO 3 and 300 mL solution of Finally, after mixing of (NH 4 )H 2 PO 3 , the solution was stirred vigorously at room temperature and resultant white precipitate was aged for about 4 days for the seeding of nHA in solution. The prepared nHA were separated and washed gently with deionized water until pH 7. To avoid the clustering of nHA during drying through vacuum evaporation, the separated nHA were first suspended in 1 butanol. After evaporation vacuum drying of synthesized nHA, the nHA were dried at 80°C in vacuum oven to remove the remaining traces of solvent. Finally, the dried nHA were annealed at 700°C for 4 h in hot air oven. To confirm the formation of nHA, the FT-IR spectra (FT-IRSpectrometer Mattason, Galaxy 7020 A), and X-ray photoelectron spectra (ESCA, ESCA LAB VIG Microtech, Mt 500/1, Etc EAST Grinstead, UK) were recorded.
Synthesis of nHA-GA
To enhance the chemical interactions of nHA with Ti-APTES disk implants, the nHA were grafted with L-glutamic acid (GA). Briefly, first of all terminal carboxylic acid groups (-COOH) of GA were activated by adding 0.5 g of GA in 200 mL mixture of EDC (0.5 g, 0.25 wt%), and NHS (0.5 g, 0.25 wt%) under constant stirring.
After stirring for about 6 h, 0.5 g of nHA was added and solution was further allowed to stir continuously for about 12 h. Finally, the reaction mixture was dialyzed using regenerated cellulose membranes (MWCO, 8 kDA) till pH 7.0. The resultant nHA-GA after washing with PBS was lyophilized, which produced a white powdery solid mass of nHA-GA (Scheme 2). The amount of nHA-GA was determined by titrimetric analysis of remaining L-glutamic acid in solution. To confirm the anchoring of L-glutamic acid on nHA, the FT-IR spectra and X-ray photoelectron spectra were recorded.
Coupling of nHA-GA on Ti-Alb disk implants
To immobilize nHA-GA on Ti-Alb disk implants, 0.5 g of dried and purified nHA-GA was added to a 200 mL mixture of EDC (0.5 g, 0.25 wt%) and NHS (0.5 g, 0.25 wt%) under constant stirring. After 6 h, the Ti-Alb disk implants were immerged and allowed to react for 24 h. Finally, the nHA immobilized Ti disk implants (Ti-nHA) were separated and rinsed with deionized water to remove the unreacted activating agents and other impurities. To confirm the anchoring of nHA-GA on Ti-Alb disk implants and to determine the weight percent of elements present in TinHA disk implants, the X-ray photoelectron spectra of TinHA disk implants were recorded. To confirm the anchoring of nHA on Ti disk implants, the EDS of Ti-nHA were recorded using FE-SEM equipped with energy dispersive analyzer. To get morphological details of Ti-nHA, the SEM micrographs of Ti-nHA were also recorded to compare their surface morphology with pristine Ti disk implants.
Cellular responses of Ti-nHA disk implants
To determine the effect of nHA on bioactivity of Ti disk implants, the adhesion, proliferation and viability of MC3T3-E1 cells on the surfaces of Ti disk implants were determined by following standard protocols.
Cells adhesion
To assess the biological response of Ti disk implants for the adhesion of MC3T3-E1 cells before and after modification with nHA, the MC3T3-E1 cells (4 9 10 4 cells/mL) were seeded on the surfaces of Ti and Ti-nHA disk implants in presence of a-MEM medium. To carry out cell seeding, the Ti and Ti-nHA disks implants were kept in 4-wells cell seeding plate and MC3T3-E1 cells at a cell density of 4 9 10 4 cells/mL were incubated at 37°C in presence of 5% CO 2 in humidified atmospheres in presence of a-MEM medium. After 3 days of incubation, the supernatant was removed and incubated cells were washed with PBS and fixed by using 2.5% glutaraldehyde solution for 10 min. The samples were then dehydrated, dried in a critical point drier before sputter-coating with gold-palladium to record their SEM micrographs.
Cells proliferation
Though colorimetric assaying methods such as MTT, XTTT and MTS are routinely used for the evaluation of cells viability and proliferation by using absorbance corresponding to the number of viable cells but in comparison to these methods, the water soluble tetrazolium salts (WST-1) method is found to be more sensitive in estimating the resultant water soluble formazan corresponding to the number of viable cells than formazan estimated by MTT assay. To determine the effect of surface modification of Ti disk implants by nHA on proliferation of MC3T3-E1, the cells at a density of 2 9 10 4 cells/mL were seeded on Ti and Ti-nHA disk implants at 37°C using 100 lL/well a-MEM medium in presence of 5% CO 2 . For cells seeding experiment, both Ti and Ti-nHA disk implants were fixed in a 4-wells cell seeding plate. The proliferation of MC3T3-E1 cells on disk implants was monitored for incubation time varying from 1 to 3 days. After incubating MC3T3-E1 cells for 1 and 3 days, 10 lL of Premizx WST-1 solution was added to each well to maintain 1:10 dilution ratio of Premizx WST-1 solution in each well, and cells were further allowed to incubate for about 4 h at 37°C in presence of 5% CO 2 . After incubation of MC3T3-E1 cells for 4 h in presence of added Premizx WST-1 solution, the absorbance of resultant soluble formazan was recorded at 440 nm using 96 well kinetic microplate reader. The effect of surface modification of Ti disk implant by nHA on MC3T3-E1 cells proliferation was determined by comparing the absorbance of formazan formed in presence of media when cultured on Ti and Ti-nHA disk implants.
Cytotoxicity of Ti and Ti-nHA disk implants
To evaluate the cytotoxicity of Ti and Ti-nHA disk implants, the viability of MC3T3-E1 cells on Ti and TinHA disk implants was evaluated by incubating MC3T3-E1 cells on Ti and Ti-nHA disk implants at 37°C in a-MEM medium in presence of 5% CO 2 . After incubation for 2 days, the proliferated cells were stained with calcein-AM and propidium iodide [25] . For staining the proliferated cells, 100 lL PBS solution containing 10 lL calcein-AM (1 mM in dimethyl sulfoxide), and 5lL propidium iodide (1.5 mM in H 2 O) was used and MC3T3-E1 cells were stained for 15 min at 37°C. Finally, the cells were examined using CLSM to record green fluorescence at an excitation wavelength of 490 nm to monitor simultaneously the ratio of live and dead cells together.
Statistical analysis
All experimental data were collected in triplicates and presented as means ± standard deviations. The statistical analyses were performed using student's two tailed test in conjunction with Scheffe's test for multiple comparison statistics considering p \ 0.05, p \ 0.01, and p \ 0.001 as statistically significant, very significant and extremely significant values, respectively, whereas p [ 0.05 is treated as statistically insignificant value.
Results and discussion
Commercially pure titanium and its alloys are important traditional materials for dental implantation due to their useful properties for osseointegration with bones. To enhance its osseointegration properties further, the research and industry has adopted various routes for its surface roughening by using techniques based on mechanical, chemical, electrochemical, and physical methods. The surface roughening provides better opportunities to the implants for interlocking with bone tissues due to enhances surface area and wettability. However, the role of roughening in controlling the osseointegration in dental implantation has been questioned due to the prevalence of peri-implantitis [26] ; hence, additive surface modification methods are gaining increasing research interest among scientists to reduce microbial infections of clinically exposed surfaces and to preserve the advantages of surface roughening. The modification of Ti disk implants using nHA has been a step in this direction to obtain a functional roughness by using nHA with high surface area and their chemical properties. The application of L-glutamic acid as spacer in anchoring the nHA on Ti disk implants has contributed significantly in controlling the spatial interactions of immobilized nHA with bone tissues to get better biological response for bone healing. The chemical bonding of nHA with Ti disk implant through APTES has also reduced the limitation of partially or fully delamination of physically coated layer on Ti implant surfaces as usually the case with anodic oxidation or on coating layer physically. The results of surface modification of Ti disk implants by nHA and their biological response for MC3T3-E1 cells are found to be interesting in comparison to pristine Ti disk implants.
Surface modification of Ti disk implants
The Ti disk implants were modified by the reaction of nHA-GA and Ti-Alb disk implants. The schemes of surface modifications of Ti disk implants with nHA are discussed in comparison to pristine Ti disk implants.
Synthesis of Ti-Alb disk implants
To immobilize the nHA on Ti disk implants, the deionized water-alcohol and acetone cleaned Ti disk implants were reacted with APTES in 95% ethyl alcohol for 4 h at pH 11.2 at room temperature as shown in Scheme 1. The anchoring of APTES on Ti disk implant was confirmed by coupling freshly prepared FITC solution (1 mg/mL) in anhydrous DMSO in dark at 5°C with amino-functionalized Ti disk implants (Ti-APTES) as well as with pristine Ti disk implant. The fluorescence images of FITC-treated Ti-APTES disk implant and pristine Ti disk implants were recorded using confocal laser scanning micrographs (Fig. 1A, B) .
The fluorescence image micrograph of FITC-treated Ti-APTES disk implants have shown intense green fluorescence (Fig. 1B) in comparison to micrograph of pristine Ti disk implants (Fig. 1A) .
The intense green fluorescence by Ti-APTES disk implants (Fig. 1B) has confirmed the functionalization of Ti disk implants by APTES, which was responsible to couple with FITC, whereas, pristine Ti disk implants could not couple with FITC and did not show green fluorescence (Fig. 1A) . The quantitative anchoring of APTES on Ti disk implant was further confirmed by recording EDS of pristine Ti and Ti-APTES disk by using SEM equipped with energy dispersive analyzer (Fig. 2) .
The atomic weight percent of elements as determined with EDS analysis of pristine Ti disk implants (Sample 4, Fig. 2A ) and Ti-APTES disk implants (Sample 5, Fig. 2C ) has confirmed the anchoring of APTES (Table 1 , Fig. 2A,  C) . The Ti-APTES disk implant (Sample 5, Table 1 , Fig. 2C ) showed a presence of 0.18 wt% nitrogen, which is absent in pristine Ti disk implant (Sample 4, Table 1 , Fig. 2A ). Thus EDS has confirmed the anchoring of APTES on Ti disk implants.
To enhance the anchoring of nHA on Ti disk implants, the Ti-APTES were treated with albumin (Scheme 1). The immobilization of albumin was confirmed by conjugating FITC and recording florescence images by CLSM (Fig. 1C,  D) . The fluorescence images of Ti-Alb-FITC disk implants were recorded at different points, which indicated for homogeneous immobilization of albumin on the surfaces of Ti-APTES disk implants (Fig. 1C, D) and for the presence of high density of amino functionality (-NH 2 ) on Ti-Alb disk implants (Fig. 1C, D) in comparison to Ti-APTES disk implants (Fig. 1B) . Thus albumin-conjugated Ti disk implants have high density of reactive amine groups, hence likely to provide better opportunity for formation of stable and strong bonding between Ti disk and nHA.
Synthesis of nHA and nHA-GA
To modify the surface of Ti disk implant with nHA, the nHA of controlled size and morphology [24] were prepared using the method as reported in our previous communication [23] .
The formation of nHA was confirmed by X-ray analysis and the size measurements were done by TEM analysis as per our previous studies. To enhance the chemical interactions of nHA with Ti-Alb disk implants, the nHA were grafted with L-glutamic acid using 0.5 g nHA in presence of terminal carboxylic acid (-COOH) activated L-glutamic acid (0.5 g) by a mixture of EDC (0.5 g, 0.25 wt%) and NHS (0.5 g, 0.25 wt%) under constant stirring (Scheme 2). The grafting of L-glutamic acid on nHA was confirmed by comparing the FT-IR spectra of nHA (Fig. 3A) with FT-IR spectra of nHA-GA (Fig. 3B) . The presence of characteristics absorption bands of L-glutamic acid at 1752 cm -1 and 3500 cm -1 along with characteristic peak of phosphate groups at 1100 cm -1 in FT-IR spectra of nHA-GA has confirmed the formation of L-glutamic acid-grafted nHA (Fig. 3B) . The FT-IR spectrum of nHA has shown a characteristic peak of phosphate groups at 1100 cm -1 and other frequencies of hydroxyapatite (Fig. 3A) . The grafting of Lglutamic acid on nHA was also confirmed by comparing the XPS spectra of L-glutamic acid-grafted nHA with pristine nHA (Fig. 4) .
The presence of new peak at 399.2 ± 0.2 eV corresponding to N1s energy level in X-ray photoelectron spectra of has confirmed the grafting of L-glutamic acid on nHA (Fig. 4B) . The nHA-GA has shown peaks at 346.7 ± 0.3 eV and 350.2 ± 0.2 eV corresponding to binding energy of Ca 2p 3/2 and 2p 1/2 energy levels and peaks at 132.5 ± 0.25 eV and 133.8 ± 0.18 eV were corresponding to binding energy of P 2p 3/2 and P2p. These peaks are characteristic peaks of calcium and phosphorous of hydroxyapatite and appeared along with nitrogen peaks of L-glutamic acid in XPS spectra of nH-GA (Fig. 4B) , which confirmed the formation of nHA-GA. The atomic weight percent of elements from XPS survey spectra has also supported the grafting of L-glutamic acid on nHA ( Table 2 ). The decrease in percentage of calcium from 17.87 to 12.14% and of phosphorous from 12.76 to 11.22% in X-ray photoelectron spectra of nHA-GA also supported the grafting of L-glutamic acid on nHA ( Table 2 ). The X-ray photoelectron survey spectrum of nHA-GA has shown a presence of 2.20% for nitrogen, which confirmed the presence of L-glutamic acid on nHA (Fig. 4B, Table 3 ). Thus XPS (Fig. 4, Table 2 ) and FT-IR data (Fig. 3B) both have confirmed the grafting of glutamic acid on nHA.
Coupling of nHA-GA on Ti-Alb disk implants
To immobilize the nHA-GA on Ti-Alb disk implants, 0.5 g sample of dried and purified nHA-GA was activated by adding 200 mL mixture of EDC and NHS (0.5 g, 0.25 wt% each). After stirring the mixture for about 6 h, the Ti-Alb disk implants were added and allowed to react for about 24 h at room temperature with EDC and NHS activated nHA-GA (Scheme 3).
The coupling of nHA-GA with Ti-Alb disk implant was confirmed by comparing the XPS spectra of Ti-nHA ( Fig. 5A) with that of pristine Ti disk implants (Fig. 5B) . The appearance of Ca 2p (351.0 ± 0.4 eV) and P 2p (133.2 ± 0.4 eV) peaks in XPS spectrum of Ti-nHA along characteristics Ti 2p peak (459.0 ± 0.2 eV) (Fig. 5B) has confirmed the coupling of nHA-GA with Ti-Alb disk implants. The atomic weight percent of elements determined from XPS survey spectra of pristine Ti and Ti-nHA has further confirmed the coupling of nHA-GA with Ti-Alb disk implant (Table 3) .
There is a significant increase in phosphate content from zero percent to 6.10% in Ti-nHA disk implants in comparison to pristine Ti disk implant and similar trends were observed for the contents of calcium, which has increased to 9.94 wt%. The decreasing trend in carbon and titanium has further supported the coupling of nHA with Ti disk implants ( Table 3) . Further quantitative support for the coupling of nHA-GA on Ti-Alb disk implant was obtained from EDS spectra recorded using FE-SEM equipped with energy analyzer (Fig. 6) . From the comparison of weight percent amount of elements obtained from the EDS analysis of Ti-Alb disk implant (Sample 4, Table 1 , Fig. 2A, B) with the EDS analysis of Ti-nHA disk implants (Sample 9, Table 1 , Fig. 9A, B) , it is clear that there was a presence of 7.48 wt% of calcium and 4.79 wt% of phosphorous in Ti-nHA disk implants (Sample 9, Fig. 6A ), which appeared due to the coupling of nHA-GA and was absent in Ti-Alb disk implants (Sample 4, Table 1 , Fig. 2A ). Thus EDS data have provided a quantitative support for the coupling of nHA-GA with Ti-Alb disk implants, which was already confirmed from XPS analysis.
To confirm the presence of nHA on the surface Ti disk implants, the SEM micrographs of Ti-nHA disk implants recorded at different points (Fig. 7C, D) were compared with the SEM micrographs recorded at different points of pristine Ti disk implants (Fig. 7A, B) , which provided a clear support for the presence of nHA and formation of nanostructured rough surfaces on Ti-nHA disk implants (Fig. 7C, D ) in comparison to volkano microstructured rough surface of pristine Ti disk implants (Fig. 7A, B) . The formation of nanostructured surface on Ti disk implants might be considered responsible for the enhanced Scheme 3 A Scheme for the coupling of glutamic acid grafted hydroxyapatite nanorods (nHA-GA) with albumin modified Ti disk implants (Ti-Alb) to obtain hydroxyapatite nanorod anchored Ti disk implants (Ti-nHA). B Reaction scheme showing the coupling reaction of glutamic acid grafted hydroxyapatite nanorods (nHA-GA) with albumin modified Ti disk implants (Ti-Alb) in presence of N-(3-dimethylaminopropyl)-N 0 -ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) as activators to obtain hydroxyapatite nanorods anchored Ti disk implants (Ti-nHA) 
Cellular responses of Ti-nHA disk implants
To evaluate the biological response of Ti-nHA in comparison to pristine Ti disk implants, the assaying of bioactivity of Ti disk implants was carried for adhesion, proliferation and cytotoxicity of MC3T3-E1 cells by following standard protocols. Since MC3T3-E1 cells are used extensively in cell culture experiments as a model for osteoblasts; hence, for in vitro evaluation of bioactivity of Ti implants, MC3T3-E1 cells were used in these studies [27] .
Cell adhesion assay for MC3T3-E1 cells
The biological response of pristine Ti and Ti-nHA disk implants was determined by seeding MC3T3-E1 cells at a fixed density (4 9 10 4 cells/mL) at 37°C in presence of 5% CO 2 in humidified atmospheres in presence of a-MEM medium. After incubating MC3T3-E1 cells for 1 and 3 days, the seeded MC3T3-E1 cells were fixed using 2.5% glutaraldehyde solution for 10 min after removing a-MEM medium and washing with phosphate-buffered saline (PBS) solution. To record SEM micrographs, the dried and MC3T3-E1 cells fixed titanium disk implants were sputter coated with gold-palladium in vacuum (Fig. 8) .
On comparing the SEM micrographs recorded to evaluate the adhesion of MC3T3-E1 cells on pristine Ti (Fig. 8C) and Ti-nHA disk implants (Fig. 8D) , it has been found that MC3T3-E1 cells have shown better spreading on Ti-nHA disk implants (Fig. 8D ) in comparison to spreading of MC3T3-E1 cells on pristine Ti disk implants (Fig. 8C ). This has clearly indicated that modification of titanium surface with nHA has helped in spreading of MC3T3-E1 cells than the surface of pristine Ti disk implants. This might be due to the presence of bioactive and hydrophilic hydroxyapatite nanorods at the surface of titanium implants, which provided significantly a larger surface area [23] to MC3T3-E1 cells to adhere to the surfaces modified Ti disks implants. The pristine Ti disk implants were less hydrophilic and were having microstructural morphology that did not allow sufficient adhesion to MC3T3-E1 cells. Thus Ti-nHA disk implants would provide faster osseointegration of titanium implant and will reduce the edentulous period for the fixation of implants with bone tissues in dental patients. The adhesion of MC3T3-E1 cells on Ti-nHA implants was also evaluated for a seeding period of 1 day on Ti disk implant (Fig. 8A ) and on Ti-nHA disk implant (Fig. 8B ) but MC3T3-E1 cells seeded for 3 days have shown better adhesion on surfaces of both pristine Ti and Ti-nHA disk implants as indicated by their SEM micrographs (Fig. 8C, D) .
Proliferation assay for MC3T3-E1 cells
The strategy to improve the bioactivity of titanium dental implants by surface modification with nHA was further evaluated by assaying the proliferation activity of MC3T3-E1cells on pristine Ti and Ti-nHA disk implants. To evaluate the proliferation of MC3T3E-1 cells more accurately, the water soluble tetrazolium salts (WST-1) method was applied as it is more sensitive in estimating the number of viable cells than conventionally used MTT assaying method. On applying the water soluble tetrazolium salts (WST-1) method to determine the proliferation of MC3T3-E1 cells at fixed cells density (2 9 10 4 cells/mL) on pristine Ti and Ti-nHA disk implants, the absorbance of resultant soluble formazan was recorded at 440 nm using 96 wells kinetic microplate reader for cell seeding period of 1 day and 3 days. Thus on monitoring the absorbance of resultant formazan on seeding MC3T3-E1 cells on pristine Ti and Ti-nHA disk implants (Fig. 9) it was apparent that MC3T3-E1 cells proliferated efficiently on the surfaces of Ti-nHA disk implants in comparison to the surfaces of pristine Ti disk implants.
These results have clearly suggested that nanostructured nHA together with albumin at the surface of Ti-nHA disk implants have played a significant role in providing a better biological environment to MC3T3-E1 cells in comparison to surfaces of pristine Ti disk implants. The nanosized rods of hydroxyapatite on Ti disk implants were able to form interconnected channels for the proliferation and vascularization to MC3T3-E1 cells, which was missing on the surface of pristine Ti disk implants. The extent of MC3T3-E1 cells proliferation has shown an increasing trend on increasing the seeding time from 1 to 3 days (Fig. 9A, B) .
The statistical analysis of proliferation data at p \ 0.05 for the proliferation of MC3T3-E1 cells for 3 days have shown a significant difference in proliferation activity of MC3T3-E1 cells on Ti-nHA disk implants in comparison to proliferation activity of MC3T3-E1 cells on pristine Ti disk implants (Fig. 9) . The difference in number of MC3T3-E1 cells proliferated after 1 day on pristine Ti and Ti-nHA disk implants was found to be insignificant at a confidence level of p [ 0.05. Thus it is clear that MC3T3-E1 cells were able to proliferate efficiently after incubation period of 3 days on Ti-nHA disk implants but pristine Ti disk implants were poor in showing their bioactivity to MC3T3-E1 cells even after seeding these cells for 3 days (Fig. 9) .
Cytotoxicity of pristine Ti and Ti-nHA disk implants
The assaying of dental material for cytotoxicity is an essential need to screen the harmful effect of material to oral tissues. The assaying of cytotoxicity provides a measure of cell death caused by the cytotoxic effect of materials or their extracts. Although, different types of cytotoxicity assaying tests are available but evaluation of in vitro toxicity of the material is a first step to investigate the biocompatibility of materials for dental applications. In this study the confocal laser scanning microscopy (CLSM) has been used to acquire the image of cells, which were stained using calcein-AM and propidium iodide on selected area at the implant surfaces. The calcein-AM green (k Ex 620 nm-k Em 650 nm) and propidium iodide red (k Ex 535 nm, k Em 617 nm) fluorescence emission intensity [25] were used to integrate the ratio of live and dead cells in recorded images of cells. The evaluation of cytotoxicity by CLSM has provided an accurate index of the cells viability and biocompatibility with dental implant materials. The cytotoxicity of pristine Ti and Ti-nHA disk implants was determined by evaluating the viability of MC3T3-E1 cells Fig. 9 A, B Cells viability test by applying WST-1 assay for MC3T3-E1 cells on pristine Ti disk implants and on hydroxyapatite nanorodmodified Ti disk implants (Ti-nHA) after culturing for 1 day and 3 days from the intensity of green/red fluorescence ratio in CLSM images of MC3T3-E1 cells seeded on pristine Ti and TinHA disk implants (Fig. 10) .
The calcein-AM stained fluorescence images of Ti-nHA disk implants seeded with MC3T3-E1 cells (Fig. 10B ) were found to be almost same to pristine Ti disk implant (Fig. 10A ) without any spot of red fluorescence. However, Ti-nHA disk implants have shown high biocompatibility and maintained more than 96% cells viability as compared to pristine Ti disk implants after a contact time of 2 days. This has suggested that modification of Ti disk implants by nHA did not add any cytotoxicity to pristine Ti disk surfaces; hence Ti-nHA disk implants could be suitable for dental applications without causing any harm to dental tissue. 
